complex nanostructured materials is vital to fundamental understanding and potential applications. Magnetic resonance study performed at room temperature on six different Ni/C nanopowders will enable modeling of these layered nanoparticles.
Experimental procedure
Samples of Ni/C nanomaterial were prepared by carburization of nanocrystalline nickel with methane and ethylene. First, a solution containing nickel (II), calcium and aluminum nitrates was used to obtain nanocrystalline nickel. The salts were dissolved in water. A solution with 25% NH 4 OH was added to obtain pH=8. Metal hydroxides were precipitated from the solution. The obtained deposit was washed with water, filtered and dried at 70ºC. The next preparation step was the calcination at 500ºC for 1 hour to get the precursor of nanocrystalline nickel oxide (with a small amount of structural promoters -CaO and Al 2 O 3 ). Nickel precursor samples containing 0.8% CaO, 3.6% Al 2 O 3 were received. Nickel oxide powder was then pressed, crushed and sieved to get a grain size fraction in the range 1.2-1.5 mm. 1 g of this material was put into a quartz crucible. The carburization process was performed under pure methane (99.5%) or ethylene (99.99%) flow of 20 dm 3 h -1 at different temperatures: 500ºC, 600ºC, 700ºC. Next the samples were cooled with helium (99.99%) flow. The six obtained samples will be designated as CH 4 /500, CH 4 /600, CH 4 /700, C 2 H 4 /500, C 2 H 4 /600 and C 2 H 4 /700, in which the first part indicates on the used carburization gas and the second on the decomposition temperature.
The average size of Ni/C nanoparticles obtained after methane and ethylene decomposition at 500ºC was 53 nm and 56 nm, respectively [15] . The spread in grain sizes was rather large and ranged from 25 to 100 nm [15] .
Magnetic resonance spectra were recorded using a standard X-band spectrometer, Bruker E 500 (υ=9.45 GHz) with a magnetic field modulation of 100 kHz. The measurements were performed at room temperature. The registered spectra are the first derivative of the absorption curve with respect to the sweeping external magnetic field.
Results and discussion
In Fig. 1 the registered magnetic resonance spectra of six investigated samples at room temperature, rescaled to a unit mass, are presented. Due to a large difference in signals amplitudes between samples CH 4 /500, CH 4 /600, CH 4 /700 (strong signal) and samples C 2 H 4 /500, C 2 H 4 /600, C 2 H 4 /700 (weak signal) different scales on left and right axes in Fig. 1 are used. The weakest signal was registered for sample C 2 H 4 /500 and in Fig. 1 its spectrum is enlarged by 30 times to be visible.
Each spectrum (except for sample C 2 H 4 /500) consists of one broad, asymmetrical line. For sample C 2 H 4 /500 an additional weaker line could be recognized. It is reasonable to assume that the registered signal is the ferromagnetic resonance (FMR) line from magnetic nanoparticles in the superparamagnetic phase. In literature devoted to that subject several different FMR lineshapes were considered and applied [17] . Usually the Landau-Lifshitz (LL) lineshape is used that follows from the LL equation of motion of the total magnetization that contains one damping term proportional to precessional component of magnetization. In case of a perfect soft ferromagnet characterized by a stepwise dependence of magnetization on applied field the following normalized LL lineshape is obtained [17] ( 1) where B r is the true resonance field and Δ B is true linewidth parameter.
It is not possible to fit the experimental spectra with a single LL line because the observed line is asymmetrical. The registered line from a particular sample is the sum of many single lines given by Eq. 1 because our sample contains many nanoparticles with magnetization pointing in different directions. In some nanoparticles the magnetization is parallel to the applied magnetic field, in others it is perpendicular. In those two situations the registered FMR line will be shifted in opposite direction and the resonance fields will be different. As a rough approximation of a complicated situation of randomly distributed magnetizations of each separate nanograin, we have tried to fit the observed FMR line with only two (three in case of sample C 2 H 4 /500) LL terms (1). They correspond to parallel and perpendicular orientation of magnetization to the external magnetic field.
The results of fittings are presented in Figs. 2 and 3. A perfect fit is not to be expected due to the applied rough approximation of only two LL lines, but overall the result is satisfactory. In case of sample C 2 H 4 /500 three lines in fitting were necessary. The values of fitted parameters are given in Table 1 . They are: amplitude A, resonance field B r and peak-topeak linewidth Δ B . Close inspection of the fitted values in Table 1 reveals the lack of correlation between the carburization gas and carburization temperature on the degree of magnetic anisotropy of the investigated samples. As a measure of anisotropy the difference between resonance fields (B r1 -B r2 ) could be regarded. On the other hand there is a clear correlation between carburization temperature and the linewidththe higher the decomposition temperature the narrower the line, independent of the carburization gas used. The linewidth decrease with the increase in decomposition temperature can be assigned to the reduction in structural inhomogeneity and magnetic disorder. Another important FMR parameter is the integrated intensity. It is a quantity that is proportional to the magnetic susceptibility of the spin system and is calculated by integrating the absorption curve (and not its first derivative curve that is registered in our experiment) over all magnetic field. The integrated intensity is also proportional to the number of spins participating in the resonance. We have calculated the integrated intensity for our six samples and the results are presented in Fig. 4 . As the differences in intensities between samples were rather large so the logarithmic scale was needed for a sensible presentation. It can be noticed in Fig. 4 that the FMR signal from samples carburized in CH 4 is significantly stronger than for samples carburized in C 2 H 4 . On average, the ratio of the integrated intensities of both types of samples, I(CH 4 )/I(C 2 H 4 )=69. On the other hand, there seems to be no correlation of the FMR intensity with carburization temperature. Sample C 2 H 4 /500 has the smallest integrated intensity and slightly fall out of the observed tendency. The content of Ni in C 2 H 4 /500 must be the smallest in all investigated samples.
If the FMR integrated intensity is assumed to be proportional to the number of spins in Ni/C nanoparticles, then in connection with thermogravimetric analysis data on these samples it will be possible to present a model of a typical nanoparticle formed under CH 4 and C 2 H 4 carburization. Morphological characteristics of the investigated samples, based on literature data, are presented in Table 2 [ 3, 15] . From TEM data it is known that the average sizes of both types of nanoparticles are more or less the same and we take the radius as r 0 =27.5 nm [15] . For samples obtained under methane and ethylene decomposition the average carbon yields were C y (CH 4 )=0.28 gC/gNi and C y (C 2 H 4 )=6.77 gC/gNi, respectively [15] . It means that the content of Ni in CH 4 decomposition samples is 78.1% while in C 2 H 4 decomposition only 12.9%. This lower content of Ni partially explains why the integrated intensity of C 2 H 4 decomposition samples are smaller, but in that case the ratio of the FMR intensities would be I(CH 4 )/I(C 2 H 4 )=6 which is 11 times smaller than measured in experiment. Apparently, there is another factor in action that switches out part of the Ni in C 2 H 4 decomposition samples from participation in the FMR experiment.
That factor could be the presence of another phase in C 2 H 4 decomposition samples that is nonmagnetic. From XRD measurements it is known that indeed in these samples nickel carbide Ni 3 C is formed [3] . We can assume that in case of CH 4 carburized samples a spherical nanoparticle consists of an inner part made of nickel and an outer graphite layer. For the C 2 H 4 carburized samples a simple model is proposed for formation of Fe 3 C (iron cementite) in reaction of methane with nanocrystalline iron [18] . In that model, iron crystallites are carburized successively, from the smallest to the largest. As a result, the sample contains separate iron and cementite crystallites covered with carbon, the iron crystallites having much larger sizes. Fig. 5 presents a simplified model of both kinds of nanoparticles. Taking into account the magnetic resonance results it would be possible to estimate the size of Ni 3 C nanoparticles.
Let us begin with a simpler case of Ni/C nanoparticle obtained in CH 4 carburization. Knowing the carbon yield C y it would be possible to calculate the radius of an inner Ni core. For the radius r 1 of the central Ni sphere the following equation could be easily obtained (2) where r 0 is the radius of a nanoparticle, C y is the carbon yield, ρ is the density. For Ni/C nanoparticles obtained under CH 4 carburization, r 1 (Ni)=21.5 nm is calculated from Eq. 2 assuming r 0 =27.5 nm. Thus the thickness of carbon shell is 6 nm. Previous HRTEM study of the same Ni/C samples gave a value of 5 nm for carbon thickness [14] .
As the integrated intensity of CH 4 carburized samples is on average 69 times stronger than in C 2 H 4 carburized samples, some of nickel must react with carbon to form magnetically inactive Ni 3 C crystallites. The radius of this new phase nanoparticles (in case of nanocapsules) can be roughly estimated under certain simplifying assumptions. If it is assumed that the radius of the remaining Ni cores (21.5 nm) is the same and the thickness of carbon shell (d=6 nm) is also the same as for CH 4 carburized samples, then from simple considerations involving carbon yields and ratio of the FMR intensities, it is possible to calculate the radius of Ni 3 C core, and the result is 16.5 nm. As expected the size of Ni core is much larger than Ni 3 C core. That difference would be even greater if -as presumed -the thickness of carbon shell on Ni 3 C core is smaller than that on Ni core [18] . For example, if the thickness of the carbon shell is 3 nm, then the radius of the Ni 3 C core would be 8.3 nm. In Fig. 5 , the calculated dimension of different shells in both types of Ni/C nanocapsules for the last case were used to present them graphically in a common scale.
Conclusions
The FMR lines attributed to Ni/C nanoparticles were registered and fitted by two (three for sample C 2 H 4 /500) LL lineshapes. There was no correlation of magnetic anisotropy of the nanoparticles (determined from the separation of the two components lines) with the decomposition temperature and the type of used carburization gas, but strong correlation between the components linewidths and the decomposition temperature was observed. Study of the FMR integrated intensity revealed the presence of nonmagnetic Ni 3 C crystallites. Combination of the FMR results with carbon yields allowed us to estimate the sizes of different layers in Ni/C nanocapsules.
